There is a growing consensus that glial cells are active participants in the normal functioning of the nervous system and in the response of the CNS to pathological conditions. This idea is supported by the discovery in recent years that glia are responsive to numerous neurotransmitters, growth factors and cytokines (Puro, 1995) . Further, the expression by glial cells of a diversity of ion channels (Sontheimer, 1994) suggests a complexity of function not fully considered even a decade ago. While it is now evident that glial cells are affected by molecular changes in the extracellular space, the second messengers linking molecules in the microenvironment with changes in glial function are not well characterized. In this report, we consider the possibility that cGMP serves as a second messenger regulating the activity of ion channels in Muller cells, the predominant glia of the vertebrate retina. In neuronal cells, it is well established that cGMP can influence ion channel activity indirectly via the activation of protein kinases (White, Lee, Shcherbatko, Lincoln, Schonbrunn & Armstrong, 1993) and directly by binding to cyclic nucleotide-gated non-selective cation (CNG) channels (Fesenko, Kolesnikow & Lyubarsky, 1985; Nakamura & Gold, 1987; Leinders-Zufall, Rosenboom, Barnstable, Shepherd & Zufall, 1995) . In the retina, CNG channels are essential for the functioning of photoreceptors (Yau & Baylor, 1989) and are likely to play a role in bipolar cells (Shiells & Falk, 1992) and ganglion cells (Ahmad, Leinders-Zufall, Kocsis, Shepherd, Zufall & Barnstable, 1994) . However, although CNG channels are present in many regions of the nervous system, little is known about their expression and function in glial cells. Interest in cGMP as a second messenger in the nervous system is heightened by finding that the soluble form of guanylate cyclase is a target for nitric oxide (NO; Knowles, Palacios, Palmer & Moncada, 1989) . This gas appears to be an important intercellular messenger in numerous areas of the CNS (Garthwaithe & Boulton, 1995) . In the retina, the NO-cGMP pathway may be functional. Soluble guanylate cyclase is expressed in relatively high concentrations in the inner retina (Ahmad & Barnstable, 1993) , and immunochemical studies (Yamamoto, Bredt, Snyder & Stone, 1993) indicate that a subpopulation of amacrine cells contain NO synthase, the enzyme which catalyses the synthesis of NO from L-arginine. Our working hypothesis is that NO serves to integrate neuronal and glial responses and acts, in part, as a signal regulating the physiology of the retinal Muller cells by activating cGMP-sensitive ion channels. We now report that Miiller cells express a cGMP-activated non-specific cation channel that is similar to the CNG channel of rod photoreceptors. In addition to activating this t To whom correspondence should be addressed. 02-5% CO2 was bubbled through the solution to maintain pH and oxygenation. The piece of retina was then gently transferred to a 1-5 ml microcentrifuge tube and washed with the bathing solution to be used in the experiment. The retina was then drawn up into a glass pipette with a fire-polished tip (inner diameter, 1 mm) and gently ejected back into the microcentrifuge tube. The piece of retina -was allowed to settle to the bottom of the tube, and -0 1 ml of the suspension of cells was placed in a recording chamber which had either a glass or plastic bottom. After allowing 10-15 min for the cells to settle, the bathing solution was added to the chamber. Muller cells were identified by their characteristic morphology (Puro, Yuan & Sucher, 1996 b) . Cultured Muller cells Cultures of human retinal glial cells were prepared as detailed elsewhere (Puro, 1994) . Retinas were removed, exposed to a calciumand magnesium-free phosphate buffer supplemented with 0-1% trypsin (3 x crystallized), 0 2% hyaluronidase (-400 u mg-, Type I-S from bovine testes) and 4% chicken serum for 45 and 305-310 mosmol l-'. Whole-cell currents were monitored using the perforated-patch (Rae, Cooper, Gates & Wesky, 1991) or standard whole-cell (Hamill, The recording chamber (0 5 ml volume) could be continuously perfused (1-2 ml min-') with various solutions with a gravity-fed system using multiple reservoirs. In some experiments (e.g. Fig. 7A After allowing 10-20 min for Muller cells to adhere to the coverslip, the perfusion (-1-2 ml min-') began of a solution of composition (mM): 138 NaCl, 5 KCl, 1P6 CaCl2, 0 8 MgCl2, 10 Na-Hepes and 24 glucose, at pH 7'4 and 310 mosmol F-. A gravity-fed mechanism of reservoirs allowed the changing of perfusion solutions. Digital imaging of fura-2 fluorescence was performed using an Attofluor (Zeiss, Thornwood, NY, USA) imaging system. The fluorescence ratio (340: 380 nm) was converted to [Ca2+] i using the equation of Grynkiewicz, Poenie & Tsien (1985) (Grynkiewicz et al. 1985) . Autofluorescence, determined on unloaded cells, was found to be less than 10% of the emitted signal and was not subtracted. Loading the cells with fura-2 AM at 20-25 0C, which is reported to reduce incorporation into endocytotic vesicles, resulted in no apparent differences in the [Ca2+]i measurements. No punctate fluorescence was observed.
Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis From cultures of Muller cells, total RNA was prepared using tRNA as carrier and dissolved in 1 x PCR amplification buffer (10 mM Tris-HCl (pH 8 0), 50 mm KCl, 1.5 mM MgCI2). First-strand cDNA was synthesized using Moloney murine leukaemia virus reverse transcriptase (Life Technologies, Gaithersburg, MD, USA) and then aliquots were amplified by a step cycle (94 0C, 1 min; 550C, 1 min; 72 C, 1 5 min) for thirty-five cycles. Controls included pretreatment of RNA samples with RNase-free DNase and omitting reverse transcriptase from the cDNA synthesis reactions to ensure that results were not due to amplification of any DNA contaminants. PCR products were resolved on a 1 % agarose gels, transferred to nylon membranes (Schleicher and Schuell, Keene, NH, USA) and cross-linked by UV irradiation. Membranes were probed with 32P-labelled fragments of CNG channels using standard methods (Sambrook, Fritsch & Maniatis, 1989) .
Primers for a 608 bp sequence in the human rod CNG channel gene (bases 1429-2037) (forward, 5'-GCTGATTGTGAAGCTGGT CTGTTGGTG-3' and reverse, 5'-TTCCGTCCAGGT CCCTCAATACTTGA-3') were based on the published sequence (Dhallan et al. 1992 ). The reverse primer corresponds to a sequence close to the 3' end of the coding region that shows extensive variation between species and between the related olfactory and cone types of CNG channels. Primers were also chosen to amplify a 548 bp fragment from the 8-actin gene (forward, 5'-GTGGGGCGCCCCAGGCACCA-3' and reverse, 5'-CTC CTTAATGTCACGCACGATTTC-3') as previously described (Ahmad et al. 1994) . Chemicals Sodium nitroprusside (SNP) was dissolved in the appropriate bathing solution. A 100 mm stock of S-nitrosocysteine (SNC) was prepared by combining L-cysteine hydrochloride and sodium nitrite in equimolar amounts then adding 10 N HCl to a final concentration of 0-5 N (Lei et al. 1992) ; this stock was diluted in the appropriate bathing solution. SNP and SNC were used within 1 h of preparation. Fura-2 AM was purchased from Molecular Probes; trypsin and papain were from Worthington Biochemical (Freehold, NJ, USA); sera and growth media were from Life Technologies/Gibeo (Grand (Newman, 1985; Chao, Henke, Reichelt, Eberhardt, Reinhardt-Maelicke & Reichenbach, 1994) , including human (Puro & Stuenkel, 1995 ). An initial question was whether a membrane-permeable analogue of cGMP, (50 /SM), affected the currents of Muller cells. As seen from the I-V plot in Fig. 1A , exposure to 8-bromo-cGMP was associated with a depolarization of the resting membrane (zero current) potential, an increase in outward current at depolarized potentials and an increase in inward current at hyperpolarized potentials. Similar results were observed in seven cells. The membrane potential depolarized by a mean of 15 mV from -49 + 1 to -34 + 1 mV (means + S.E.M). These effects of 8-bromo-cGMP were reversible. Finding that 8-bromo-cGMP can induce changes in the currents of Muller cells led us to ask how these effects compared with those of 8-bromo-cAMP. In Fig. 2 , a fresh bovine Muller cell was exposed initially to 8-bromo-cAMP. Changes in the currents were minimal. In contrast, when the perfusate subsequently contained 8-bromo-cGMP, significant changes were observed. Similar findings were made in four other fresh bovine Miiller cells. These findings indicate that certain ion channels in Muller cells are more potently affected by cGMP than cAMP. Currents activated by cGMP To begin to characterize the Muller cell currents affected by cGMP, the I-V relations of the net induced current were determined. This was achieved by subtracting the I-V curve generated under control conditions from that obtained in the presence of 8-bromo-cGMP. As shown in Fig. 1B Since Muller cells are known to express calcium-activated potassium (Kca) channels that contribute to the outward current (Newman, 1985; Puro, Hwang, Kwon & Chin, 1996a) , we postulated that a component of the outward current induced by 8-bromo-cGMP could be due to an increase in activity of these channels. To test this possibility, charybdotoxin (ChTX, a blocker of Kca channels; Hille, 1992 ) was added to the bathing solution while Miiller cells continued to be exposed to 8-bromo-cGMP. Subtraction of ramp-evoked currents monitored in the presence of 8-bromo-cGMP from those subsequently detected during exposure to both the cGMP analogue plus ChTX revealed a significant ChTX-sensitive component at potentials more depolarized than -40 mV (Fig. 1C) . At 0 mV, virtually all of the outwardly rectifying current was blocked by 5 nm ChTX. Similar findings were observed in three cells. These findings indicate that the activity of Kca channels is increased when Muller cells are exposed to 8-bromo-cGMP.
In addition to KCa channels, at least one other current is affected by this cGMP analogue. Evidence for this is the presence of induced inward current at potentials more hyperpolarized than the threshold for activation of the Kca A B channels (Fig. IB) . Continuous current records (n = 5) revealed that development of this inward current was accompanied by an increase in the noise level (Fig. 1D) cOMP-activated channels in Miller cells (Fig. 4A) . The mean peak current induced at a holding potential of -70 mV was 46 + 11 pA (n = 11) in the cells with detected responses. In recordings lacking cGMP in the pipette, the inward current at -70 mV was 15 + 19 pA (n = 5), which was significantly (P = 0.001, Student's t test) less than in the experimental group. Thus, Muller cells from the human retina also have a cGMP-activated current although, for reasons not yet identified, the amplitude of the induced currents are less than those detected in bovine Muller cells. Cadmium block Since cyclic nucleotide-gated non-selective cation channels in other cell types are blocked by cadmium (Yau & Baylor, 1989; Zufall & Firestone, 1993; Ahmad et al. 1994) , we tested the effect of this divalent cation. Figure 3B shows the current at a holding potential of -70 mV in a Muller cell monitored by a standard whole-cell recording pipette containing 1 mM cGMP. Similar to the cell in Fig. 3A , internal perfusion of cGMP induced an inward current. During the time indicated by the bar in Fig. 3B (Puro, 1994) . As shown in Fig. 4 ':
Demonstrating that human Muller cells in culture express a cGMP-activated current allowed us to carry out RT-PCR analysis on RNA from these cells. Control amplification with primers for /1-actin gave a band at the expected size of 548 bp (Fig. 5A) . Since the primers correspond to sequences located in different exons, this control provides further evidence that amplification occurred from mature channel RNA. PCR detection of cGMP-gated channel transcripts used primers based on a region in the a-subunit of the rod CNG channel that included the proposed cGMP-binding site (Barnstable, 1993) . Amplification using these primers gave a band of the expected size (608 bp) that could be detected by Southern blot analysis (Fig. 5B) . These PCR results indicate that human Muller cells in culture contain transcripts closely related to the x-subunit of the cGMP-gated channel found in rod photoreceptors.
Effect of 8-bromo-cGMP on [Ca2+]i
Since rod CNG channels are known to be permeable to calcium (Yau & Baylor, 1989) To determine whether the increase in [Ca2+]i evoked by 8-bromo-cGMP was dependent on an influx of Ca2+ from outside the cell, fresh Muller cells were tested for responsiveness to the cGMP analogue in the absence and presence of extracellular calcium (Fig. 6) (-25 mV) for activation of the L-type calcium channels expressed by Muller cells (Puro & Mano, 1991; Puro et al. 1996a ). One of a number of possible pathways for a cGMP-induced influx of calcium is via cyclic nucleotidegated channels. Effect of NO on Muller cell current Next we asked whether the cGMP-regulated currents in Miiller cells are affected by nitric oxide (NO), which is likely to be synthesized by a subpopulation of retinal amacrine cells (Yamamoto et al. 1993) and is known to activate guanylate cyclase in many cell types (Knowles et al. 1989) . Figure 7 shows the effect on the I-V relations of the NO donor, sodium nitroprusside (SNP). External application of SNP (Fig. 7A) induced changes qualitatively similar to those seen with 8-bromo-cGMP ( Fig. IA and B) . Similar findings were observed in four cells. When K+ channels were blocked, the presence of SNP in the bathing solution was associated (n = 4) with the development of an outwardly rectifying current with a reversal potential near 0 mV (Fig. 7B) . A similar effect was observed in four Muller cells locally perfused with a bathing solution containing the more specific NO-generating agent, S-nitrosocysteine (Fig. 7C) . One difference between the effects of the NO donors and 8-bromo-cGMP on the currents of Muller cells was a longer delay with SNP or SNC. While the cGMP analogue induced responses within 1-10 s (Fig. 1D) (Brew et al. 1986; Newman, 1993; Puro & Stuenkel, 1995) (Hille, 1992) . Another mechanism by which cGMP may activate Kca channels is via cGMP-dependent protein kinases as has been shown for BK channels in other cell types (White et al. 1993 (Knowles et al. 1989) and is likely to be synthesized by a specific population of amacrine cells (Yamamoto et al. 1993) . A role in retinal function is suggested by recent experiments showing that NO donors can lead to the activation of a cGMP-gated conductance in cultured retinal ganglion cells (Ahmad et al. 1994) . In this report, we investigated the possibility that NO donors can induce changes in the Muller cell currents similar to those detected with cGMP or its analogue. Striking similarities were observed although evidence demonstrating that NO increases the activity of guanylate cyclase in Muller cell is not available. Also, the possibility that NO directly interacts with Muller cell channels is not excluded. The fact that NO-generating agents induce significant changes in Muller cell currents raises the possibility that NO serves as a neuron-to-glial signal regulating the physiology of Muller cells. Functional implications Evidence is good that Muller cells play a role in maintaining K+ homeostasis in the retina (Karwoski, Lu & Newman, 1989) . Potassium-permeable ion channels in these glia are one of the important pathways for the redistribution of K+ from regions of the retina with higher [K+] o to areas where [K+] , is lower (Newman, 1985 (Newman, , 1993 Brew, Gray, Mobbs & Attwell, 1986) . Under usual assay conditions, the predominant potassium-permeable ion channels detected in Muller cells are of the inwardly rectifying type (Brew et al. 1986; Newman, 1993; Chao et al. 1994; Puro & Stuenkel, 1995 (Puro, 1991 b) . Also, the depolarization induced by an influx of cations through CNG channels may help activate KCa channels directly as well as indirectly with the opening of the L-type voltage-gated calcium channels present in these glia (Puro et al. 1996a ).
Based on these considerations, we postulate that direct and indirect effects of cGMP on multiple types of ion channels may, under certain conditions, regulate the role of Muller cells in maintaining K+ homeostasis in the retina (Fig. 8) .
While CNG channels are relatively voltage-independent and function at all membrane potentials, the role of Kca channels is probably limited to pathophysiological conditions since their threshold for activation is significantly depolarized relative to the normal resting membrane potential (Newman, 1985; Puro et al. 1996a ; Fig. 1D ). The fact that NO-generating agents can induce significant changes in the currents of Muller cells as well as retinal ganglion cells (Ahmad et al. 1994 ) raises the possibility that NO functions as an intercellular messenger integrating the responses of both glia and neurons to physiological and pathophysiological changes in the retina.
